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Abstract 
The continuous search for the effective cold generation methods resulted in the creation of thermally driven ejector 
refrigeration systems (ERS). Producing cold at various temperatures, the ERS serves to save electric energy and 
reduce greenhouse gas emissions. The theoretical analysis of the ejector cycles carried out for various ERS has proved 
its capability to generate the cold at +12°С to –40°С, reaching the COP values at 0.7 to 0.1 respectively. The 
combined cycles of water conversion, heat and cold production appear to be especially effective. 
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Nomenclature 
 
U entrainment ratio  gen generation 
T  temperature [K]  cond condensation 
t  temperature [°C]  1 for conditions tgen= 95°C, tcond=35°C, teva=7°C 
COP coefficient of performance 2 for conditions tgen=95°C, tcond=35 °C, teva=-4°C 
ERS ejector refrigeration system 3 for conditions tgen=95°C,tcond=35°C, teva=-25°C 
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BERS binary ejector refrigeration system a first stage steam-water air ejector 
SCERS stage cascade ejector refrigeration  
system    b second stage steam-water air ejector 
SCBERS stage cascade binary ejector  
refrigeration system   c third stage steam-water air ejector 
SRS sorption refrigeration system  Superscripts 
ETC evacuated tube collector  AC   air-conditioner 
FPC flat plate collector 
Subscripts  
eva evaporation 
1. Introduction  
The immersed energy crisis tends to force the global negative effects in the last decade. The respond to 
this challenge is based on searching of the optimized methods of energy consumption and extended 
application of alternative energy sources. Gradual decrease of fossil fuels use for space heating and hot 
water supply became possible nowadays. Today, in the EU countries up to 30% of space heating and 
district water heating is covered by solar thermal energy as a counter to refrigeration and space cooling 
that do not reach such scales yet, even though the peaks of solar radiation occur together with maximal 
cooling demand [1]. Unfortunately, solar cooling technologies are still imperfect and ineffective to reach 
the extended applications. Obviously, the cold production requires the high operating temperatures; hence 
the COP of solar thermal cooling system is less than 1. The COP of the latest solar collectors reaches 0,9 
and the COP of the cold generators is still on a level of 0.4-0.6[2]. The improvement of the existed solar 
cooling technologies requires intensive scientific research, testing and pre-production. Facilitation of the 
market demand for solar cooling systems should serve for reaching a favourable energy balance between 
matured economies and the developing world with an emphasis on the increased energy consumption and 
environment safety requirements. In order to keep the paces of civilization development and avoid its 
negative consequences, the global conception of the effective energy consumption should be significantly 
reviewed with a focus on renewable energy. 
The analysis of the renewables availability and particularities of transformation of the energy flows 
proved its optimal areas of application. PV panels are to be mainly applied for the low-power consuming 
system, wind turbines – for power accumulation, while solar thermal – for heat/cold generation and for 
the steam-power cycles [3]. 
2. Analysis of solar cooling ejector based systems  
The thermally driven refrigeration systems, especially ERS, are suitable for air-conditioning and 
refrigeration. They have several known advantages and increased effectiveness thanking to to the latest 
research results. The cold production occurs by direct transformation of solar thermal energy, avoiding 
electricity production required for the vapour compression refrigeration system [1]. 
914   Dmytro Buyadgie et al. /  Energy Procedia  30 ( 2012 )  912 – 920 
As a result of the recent researches it became possible to bring the COP of ERS closer to the COP of 
the sorption refrigeration system (SRS) that make ERS competitive with SRS especially for refrigeration 
units of small capacity. 
The single-stage ERS using pure refrigerant as a working media can be used for air-conditioning with 
the COP on a level of 0.25-0.45 at tgen=85°C, tcond=35°C, teva=12°C. The two-stage ERS can be used to 
generate cold at negative temperature (-15°C) provided that the cold generation rate is 1 to 10-15 
comparably to air-conditioning mode at +12°C. In that case maximum achievable integral COP will be 
0.25-0.3[4]. 
The binary fluid ejector refrigeration system (BERS) can be used to expand the condensation and the 
evaporation temperature ranges. BERS operates on the specially selected refrigerants mixtures [5, 6, 7]. 
The selection criteria are: the difference in molecular mass, critical speeds of sound, heat of vaporization 
and compressibility ratio. In the BERS, condensation temperature may increase up to 55-60°C providing 
same amount of the generated cold and the СОР on a level of 0.5-0.7. The COP of the BERS is often 
higher than of single fluid ERS. The BERS cycle is shown on Fig.1. 
Fig. 1. The thermodynamic cycle of the BERS: 1-2 – working fluid heating and boiling in the vapour generator; 2-3 working fluid 
expansion in the ejector nozzle; 3-4 and 5-4 – working and refrigerant fluids isobaric mixing at the evaporation pressure; 4-4’ – 
vapour mixture compression in the ejector; 6 -8 and 7--9 – working and refrigerant fluids condensation in the fractionating 
condenser and the refrigerant fluid condenser; 8-8’ – liquid refrigerant throttling to the evaporator; 9 -1 – liquid working fluid 
feeding to the vapour generator; 8’- 5 –the  refrigerant fluid evaporation 
Cascade systems can also be applied to generate low temperature cold from the low-grade heat 
sources. They can use single, binary or multi-component fluids, allowing the cold generation at -45°C, 
suitable for the deep freezing and food/drugs storage. The COP of such system is calculated in a range of 
0.1-0.15, that still makes around 23-28% of the COP of the equivalent Carnot cycle [8]. 
3. Selection of the solar collectors for ERS 
The ERS consumes low and medium grade heat, which can be supplied by various types of solar 
collectors or concentrators. The optimal generation temperature of 90-100°C, produced by the standard 
flat-plate solar collectors, corresponds to the highest efficiency of solar cooling systems. An increase of 
ERS cycle efficiency along with further increase of the generation temperature is not balanced by the 
depreciation of the solar collectors’ COP. At the same time, the application of the evacuated tube 
collectors leads to the overall COP increase when the heat potential of 150-200°C is utilized (Fig. 2). That 
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fact supports the evacuated tube solar technology, especialy at the significant difference between interior 
and ambient temperatures. 
The efficiency of the solar cold generators also depends on the multifunctionality of the energy 
complex they form a part of. If the solar thermal desalination process is included in the circuit then the 
collectors’ cost is allocated to the total product - cooling and fresh water. As a result the overall COP 
increases two fold [9]. 
The proposed design of solar flat-plate collector that combines simple construction and cheap cost 
exhibits high performance properties same as evacuated tubes ones. This becomes possible because of the 
dynamic vacuum that reduces heat losses. For the air evacuation, high-pressure water steam is utilized 
which is produced in the separate solar collector. The solar collector system can operate as a distiller 
producing fresh water and simultaneously produce high-temperature steam as a heat source for solar 
cooling system. The high-pressure collector-distiller presented as tube let panel of the parallel vacuum 
tube cylinders with a selective coating. The metal blacken pipes are soldered at the end of the cylinders. 
The top and bottom pipes are soldered in vapour and liquid collectors respectively. The water vapour 
received from high-pressure collector ejects the air from the manifold cavity (Fig. 3). 
 
 
Fig. 2. Diagram of solar cooling systems efficiency driven by the various types of solar collectors 
 
Fig. 3. Schematic design of solar collectors closed loop with a dynamic vacuum 
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Multi-stage steam-water-air ejector can be used for creation of the deep vacuum. The entrainment ratio 
for multi-stage block is presented in Equation 1: 
 
1
a b c
a b b c a c
U U U
U
U U U U U U
      
  (1)
 
4. Stage-cascade ERS (SCERS) 
For each customer, solar driven ERS or ERS combined with other cooling systems can be designed. 
The ERS suits to be applied in housing and utility, both for single and multi families’ buildings. It can be 
also used for air-conditioning and food storage in agricultural sector, supermarkets etc. 
The two types of stage-cascade ejector refrigeration systems (SCERS) schemes can be applied to 
achieve the above listed goals - single fluid and binary fluid in the upper cascade stage (Fig. 4a and 4b). 
The bottom stage of the cascade is a two-stage single fluid ERS, which cycle is presented in Fig.5. These 
schemes can produce the cold in a single system on two, three or more temperature levels. The SRS that 
consists of the absorption bromine-lithium system for high temperature cold production and carbon-
methanol adsorption system for low temperature cold production were chosen to represent the 
performance comparison of the considered systems.  
Numerical and theoretical analysis of energy efficiency of the mentioned systems showed that the СОР 
of the stage cascade binary fluid ejector refrigeration system (SCBERS) has the highest COP value, the 
single fluid ERS has the lowest COP value and the SRS has the intermediate COP value (Table 1). 
As an application sphere of SCBERS or SCERS it can be considered the multipurpose farms where 
fruits, vegetables or grain are yielded along with cattle and poultry farming and meat processing. Such 
enterprises require cooling at three temperature levels: for air conditioning, for fruit storage, for meat 
freezing and storage. Fishing industry is located near the coastlines and also demand cooling for freezing 
and storage purposes. 
The analysis of a structure of the demanded cold has resulted in the required production ratio of the 
cooling system: 1 part of cold at -25°С, 4 parts at -4°С and 3 parts at +7°С. Condensation temperature 
was assumed at 35°С. The COP of the absorption-adsorption refrigerating systems and two types of 
ejector refrigerating systems were compared in Table 1. The upper cascade stage of SCBERS and SCERS 
operates with fluid different from the bottom cascade stage.  
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Fig. 4. (a) Stage-cascade binary fluid ERS and (b) stage-cascade ERS for cold production at 3 temperature levels 
 
 
Fig. 5. Two-stage ERS cycle using R-406a in the bottom stage with liquid separation: 1-2 heating and boiling in the vapour 
generator; 2-3 working vapour expansion in the upper stage ejector nozzle; 2-4 working vapour expansion in the bottom stage 
ejector nozzle; 4-6 and 5–6   working and refrigerant vapour mixing from bottom stage ejector and evaporator; 6-7 compression of 
vapour mixture in the bottom stage ejector; 3-9, 7-9 and 8-9 vapour mixing at intermediate pressure from bottom stage ejector, 
liquid separator, vapour from upper stage evaporator and ejector nozzle; 9-10 compression of vapour mixture in the upper stage 
ejector; 10-11 compressed vapour condensation; 11-1 condensed working fluid delivered to the vapour generator;11-11’ first 
throttling to the liquid separator; 12 – 12’ – second throttling to bottom stage evaporator 
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The cold production balance results in the decrease of the reduced COP that is defined from Equation 
(2): 
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where 
The COP of the Carnot cycle for Tgen=368 K, Tcond=308 K, Teva=280 K 
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The COP of the Carnot cycle for Tgen=368 K, Tcond=308 K, Teva=269 K 
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The COP of the Carnot cycle for Tgen=368 K, Tcond=308 K, Teva=248 K 
,3 1 0.6740
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The COP of the adsorption and absorption refrigerating systems under the set conditions was obtained 
by extrapolation data from [10-12]. High COP for air-conditioning and low COP for refrigeration 
characterize the absorption-adsorption unit. Therefore its reduced COP varies between 0.3-0.4. SCERS 
has lower COP in the upper cascade stage and even with high COP value in the bottom cascade stage the 
reduced COP cannot exceed 0.25-0.3. 
 
Table 1. COP of the BERS, ERS, SRS at different operating parameters 
 
System tgen, °C tcond, °C teva, °C Working fluid U COP 
BERS 95 35 7 R11+R600 0.4597 0.8125 
ERS 95 35 -4 DME 0.2447 0.2030 
ERS 95 35 -25 DME 0.0548 0.0426 
AbRS  95 35 7 LiBr/H2O - 0.65 
AdRS 95 35 -4 Carbon+Methanol - 0.32 
AdRS 95 35 -25 Carbon+Methanol - 0.09 
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Fig. 6. Diagram of the reduced COP of the SCERS, SCBERS and SRS at different rate of air-conditioner cooling load 
If BERS is applied for the upper cascade stage of the SCERS scheme, the reduced COP reaches the 
COP value of sorption system and even exceeds this value. (Fig. 6) In practice, the necessity in low-
temperature refrigeration may exceed the demand in air-conditioning several times. In this case, the 
reduced COP value of the whole system will decrease two fold for SCBERS or SCERS and up to 70% - 
for the sorption system, since efficiency of the bottom cascade stage depends on the performance of the 
upper one.  
5. Conclusions 
The analysis of the solar cooling systems showed that the ERS could be competitive with the sorption 
refrigeration systems when it is required to produce cold on different temperature levels. In addition, the 
COP of ERS can be 5-20% higher than the COP of sorption system if air-conditioner cooling capacity is 
equal or higher than refrigeration cycle cooling capacity.  
It is proved that SCBERS can be 20-40% more efficient than sorption systems and SCERS because the 
COP of the upper stage utmost influences the reduced COP of the whole system. The article also presents 
the proofs that highest COP values of solar ERS with flat-plate collectors occurred at the generation 
temperatures in a range of 90-100°C. The COP of the solar ERS with evacuated tube collectors increase 
rapidly in all generation temperature range up to a critical point. It is suggested to use flat-plate collectors 
with the dynamic vacuum and simultaneously produce fresh water to increase the efficiency of the 
cooling system and reduce the production costs. 
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